The successful segregation of germ cells from somatic lineages is vital for sexual reproduction and species survival. In the mouse, primordial germ cells (PGCs), precursors of all germ cells, are induced from the post-implantation epiblast 1 . Induction requires BMP4 signalling to prospective PGCs 2 and the intrinsic action of PGC transcription factors 3-6 . However, the molecular mechanisms that connect BMP4 to induction of the PGC transcription factors that are responsible for segregating PGCs from somatic lineages are unknown. Here we show that the transcription factor OTX2 is a key regulator of these processes. Downregulation of Otx2 precedes the initiation of the PGC programme both in vitro and in vivo. Deletion of Otx2 in vitro markedly increases the efficiency of PGC-like cell differentiation and prolongs the period of PGC competence. In the absence of Otx2 activity, differentiation of PGC-like cells becomes independent of the otherwise essential cytokine signals, with germline entry initiating even in the absence of the PGC transcription factor BLIMP1. Deletion of Otx2 in vivo increases PGC numbers. These data demonstrate that OTX2 functions repressively upstream of PGC transcription factors, acting as a roadblock to limit entry of epiblast cells to the germline to a small window in space and time, thereby ensuring correct numerical segregation of germline cells from the soma.
lost OTX2expressing cells more slowly (Extended Data Fig. 2a, b) . Moreover, while Otx2 mRNA declines upon FGF/Activin withdrawal, the kinetics of suppression are enhanced by PGCLC cytokine addition (Extended Data Fig. 2d ). This suggests that PGCLC cytokines directly repress Otx2 transcription, a notion supported by the prompt decline in Otx2 premRNA upon switching EpiLCs into PGCLC media (Extended Data Fig. 2e ). BLIMP1 and AP2γ proteins were initially detectable at 24 h, but only in cultures treated with cytokines (Extended Data Fig. 2a, b ) and only in cells with reduced OTX2 (Fig. 1c, d , Extended Data Fig. 2c ). These results suggest that before the PGC gene regulatory network (GRN) becomes activated, the transcriptional circuitry of the forma tive pluripotent 22 , germline competent 23 state characterized by OTX2 expression 13 becomes extinguished.
The reciprocal relationship of OTX2 with BLIMP1 and AP2γ dur ing PGCLC induction prompted determination of whether a similar spatiotemporal relationship between changes in expression of OTX2 and PGC transcription factors held in vivo. Wholemount immuno fluorescence of prestreak stage embryos indicated that all epiblast cells express both OCT4 and OTX2 ( Fig. 1e ). At early to midstreak, OTX2 remains widely expressed in the epiblast except for cells showing incipient FRAGILIS 24 and BLIMP1 3 expression ( Fig. 1f, h) . By latestreak to early budstage, BLIMP1 is clearly detectable within the FRAGILIS field in cells lacking OTX2 (Fig. 1g, i) . These results indicate that OTX2 is expressed ubiquitously in prestreak epiblast cells but is specifically downregulated in the prospective PGC population before BLIMP1 expression.
Cytokine addition is required for PGCLC differentiation 12 . To assess when, cells were treated for one, two or six days with cytokines and analysed by FACS for surface expression of SSEA1 and CD61, which together act as a marker for PGCLCs 12 . Cytokine treatment for the first day induces around half of the potentially responsive population to express both CD61 and SSEA1 (Extended Data Fig. 2f ). Two or six days of cytokine treatment were equally effective at inducing CD61 and SSEA1 (Extended Data Fig. 2f ). This suggests that cytokine exposure reaches maximum efficacy at two days, the time required to reduce OTX2 to minimal levels and initiate PGCLC transcription factor expression ( Fig. 1b, d , Extended Data Fig. 2a-c) .
To directly assess whether OTX2 downregulation influences entry of pluripotent cells into the germline, Otx2null cells were examined. A transgenic Oct4ΔPE::GFP reporter activated upon germline entry 25 was added to Otx2 fl/− and Otx2 −/− ESCs 17 (Extended Data Fig. 1 ). Compared to Otx2 heterozygotes, Otx2 −/− cell populations showed widespread activation of Oct4ΔPE, with essentially all cells activat ing GFP ( Fig. 2a ). Furthermore, the SSEA1 + CD61 + cell number is increased 5-10fold in Otx2 −/− versus Otx2 +/+ cells (Fig. 2b ). This was also the case in independently generated Otx2 −/− ESCs (Extended Data Fig. 3b ) and in additional independent Otx2 −/− ESCs generated using CRISPR/Cas9 (Extended Data Fig. 1, 3c ). Three new ESC lines lacking OTX2 protein (Extended Data Fig. 3d ) showed enhanced CD61 and SSEA1 expression during PGCLC differentiation (Extended Data Fig. 3e ). These results confirm that a lack of OTX2 promotes germline differentiation.
To investigate at which stage of differentiation OTX2 influences germline entry, an Otx2ER T2 transgene (enabling tamoxifeninduced Letter reSeArCH relocalization of OTX2) was introduced into Otx2 lacZ/GFP ESCs (Fig. 2c , Extended Data Fig. 4a ). Tamoxifen treatment for the first two days suppressed emergence of SSEA1 + CD61 + cells (Fig. 2d ). These results establish that enforcing OTX2 activity at a time when cells are compe tent to enter the germline 12 and when cytokines act to decrease endoge nous Otx2 expression, is sufficient to block cytokinemediated PGCLC differentiation.
To examine the mechanism by which OTX2 inhibits PGCLC dif ferentiation, mRNAs were analysed. Expression of PGCLC transcrip tion factor mRNAs occurred sooner and to a greater extent without OTX2 ( Fig. 2e ). In contrast, enforcing OTX2 activity inhibited induc tion of PGCLC transcription factor mRNAs ( Fig. 2e ). NANOG also directs PGCLC differentiation 20, 26 . Consistent with this, endogenous Nanog mRNA was induced precociously in Otx2 −/− cells ( Fig. 2e ). In addition, although Fgf5, Foxd3 and Oct6 mRNAs were not induced without OTX2 (Extended Data Fig. 3f ), their expression was increased above wildtype levels by OTX2 induction (Extended Data Fig. 3f ).
These analyses suggest that OTX2 acts at the juncture between somatic and germline differentiation and inhibits PGCLC differentiation by preventing PGC transcription expression.
A previous report has provided evidence for the involvement of T (Brachyury) in PGCLC induction 27 by showing that BMP4 induced T expression via endogenous Wnt. We also found that T is activated robustly only when BMP4 is present (Extended Data Fig. 4b ) with T and other somatic markers induced during PGCLC differentia tion (Extended Data Fig. 4c ). In vivo, BMP4 induces epiblast cells to secrete Wnt 28 . Therefore, to assess whether Wnt acts as an interme diary between BMP4 and activation of T and other somatic mark ers, Wnt signalling was mimicked by adding CHIR99021 to basal media (Extended Data Fig. 4d ). T, Hoxa1 and Hoxb1 mRNAs were induced by CHIR99021 but Otx2 mRNA was repressed; effects that were reversed by addition of the Wnt antagonist XAV939 (Extended data Fig. 4d ). Therefore, Otx2 downregulation by BMP4 may occur via Wnt signalling. To further assess this, XAV939 was added during PGCLC differentiation. XAV939 did not affect Otx2 mRNA for 9 h, but dampened further reduction (Extended Data Fig. 4e ). Moreover, XAV939 diminished induction of Blimp1 and Prdm14 mRNAs seen after 24 h (Extended Data Fig. 4e ). This is consistent with a model in which BMP induction of Wnt enforces timely repression of Otx2 and full induction of Blimp1 and Prdm14. Finally, Otx2 −/− cells did not activate T mRNA (Extended Data Fig. 4c ) or protein (Extended Data Fig. 4f ). Therefore, activation of T is dispensable for PGC induction, at least when OTX2 is absent. These observations suggest that the effects of Wnt signalling during PGC differentiation could be attributed to OTX2 downregulation.
To assess whether OTX2 can interfere with the function of an estab lished PGCLC GRN, OTX2 activity was restored at day 2, once the PGC GRN was already activated ( Fig. 2e ). This produced a similar proportion of SSEA1 + CD61 + cells as cultures receiving no tamoxifen (Extended Data Fig. 4g , h). Therefore, OTX2 does not impair the func tion of an established PGC network, but rather restricts the efficiency with which EpiLCs enter the germline.
PGCLC induction is considered to strictly require cytokine addi tion 12 . Consistent with this, Oct4ΔPE::GFP was not expressed by aggregates of Otx2 fl/− cells cultured in the absence of cytokines ( Fig. 3a ). However, in Otx2 −/− cells, cytokines were not essential for OctΔPE reporter activation ( Fig. 3a ), CD61 and SSEA1 surface expres sion ( Fig. 3b , Extended Data Fig. 5a , b) or PGC transcription factor expression (Extended Data Fig. 5c, d ). Indeed, mRNA profiling indi cated that Otx2 +/+ and Otx2 −/− EpiLCs were transcriptionally similar and that following differentiation, Otx2 −/− cells resembled wildtype PGCLCs, irrespective of their exposure to cytokines (Extended Data Fig. 6a ). Principal component and ternary analysis confirmed these assessments ( Fig. 3c , Extended Data Fig. 6b ). These results indicate that without OTX2, germline entry does not require cytokines.
BLIMP1 is essential for wildtype cells to access the germline 3, 4 . To determine whether Otx2 −/− cells retained this dependency, both Blimp1 alleles were deleted from ESCs of distinct Otx2 genotypes using CRISPR-Cas9 (Extended Data Figs. 1, 7a-c). PGCLC differen tiation confirmed a BLIMP1 requirement for germline entry of OTX2 expressing cells ( Fig. 3d , Extended Data Fig. 7d ). However, deletion of Blimp1 from Otx2 −/− cells did not affect the ability of Otx2 −/− cells to induce CD61 and SSEA1 ( Fig. 3d , Extended Data Fig. 7d ). Although deletion of Blimp1 from wildtype cells increased expression of somatic transcripts during PGCLC differentiation, this did not occur in Otx2 −/− Blimp1 −/− PGCLCs (Extended Data Fig. 8a ). Nor did dele tion of Blimp1 impair the enhanced ability of Otx2 −/− cells to activate expression of Prdm14, Ap2γ, Nanog or Oct4 mRNAs (Extended Data Fig. 8b ) or DAZL protein (Extended Data Fig. 8c ). During differenti ation, PGCLCs that express OCT4 have higher H3K27me3 and lower H3K9me2 than OCT4low cells. These relationships were maintained in Otx2 −/− and Otx2 −/− Blimp1 −/− PGCLCs (Extended Data Fig. 8d ). Furthermore, without PGCLC cytokines, CD61/SSEA1 expression and Oct4ΔPE reporter activation were unaffected by Blimp1 deletion These results indicate that without OTX2, BLIMP1 is not required for phenotypic aspects of germline entry, but is required for a fully mature PGC phenotype. Although EpiLCs respond to cytokine induction by PGCLC dif ferentiation, this is not maintained upon continued passaging in medium containing Activin/FGF 12 , suggesting that in these conditions, cells lose germline competence. To assess whether OTX2 affects the period during which pluripotent cells remain competent for germline entry, EpiLCs were passaged in EpiLC medium for a further two days ( Fig. 4a ). At this point the Oct4ΔPE::GFP reporter is inactive in both Otx2 fl/− and Otx2 −/− cells (Extended Data Fig. 9a ). Cells were then transferred to PGCLC differentiation medium for 6 days. Notably, Oct4ΔPE::GFP was reactivated robustly in Otx2 −/− but not Otx2 fl/− cells (Fig. 4b ). Moreover, whereas all cell lines expressed Blimp1 and Ap2γ mRNAs, CD61/SSEA1 surface expression and Prdm14 and Nanog mRNA expression were observed only in Otx2 −/− and not in Otx2 +/+ or Otx2 fl/− cells (Extended Data Fig. 9b-d ). This indicates that in the absence of OTX2 the period of competence to enter the germline is extended.
To determine whether Otx2 −/− cells exhibit an increased propen sity to enter the germline in vivo, Otx2 +/+ or Otx2 −/− ESCs constitu tively expressing GFP were compared in chimaeras following morula aggregation ( Fig. 4c ). Otx2 +/+ and Otx2 −/− cells had a comparable capacity to produce chimaeras (Extended Data Fig. 9e , g). However, an enhanced proportion of Otx2 −/− cells expressed BLIMP1 or SOX2 ( Fig. 4d , Extended Data Fig. 9f ), indicating that enhanced germline entry is a cell autonomous property of Otx2 −/− cells.
To determine whether Otx2 −/− embryos also showed enhanced PGC numbers, Otx2 +/− mice 15 were intercrossed and Otx2 −/− embryos ana lysed at E7.5. These embryos show strong developmental defects 15, 16 but also showed increased PGC numbers ( Fig. 4e , Extended Data Fig. 10a, b ), confirming that in vivo, OTX2 acts as a negative regulator of the PGC programme.
Previous studies have shown that, in mice, competence to enter the germline exists transiently in embryos from E5.5-E6.25 1 . In wildtype cells, germline entry requires BMP4 signalling from the extraembry onic ectoderm 2 and is critically dependent on the downstream action of BLIMP1 3 . Our work identifies OTX2 as an intermediary fulcrum in these processes ( Fig. 4f ). During the period of PGC competence, BMP4 represses Otx2 expression, partly by endogenous Wnt activa tion (Fig. 4g ). This reduction in OTX2 is necessary for expression of the PGC transcription factors BLIMP1, PRDM14, AP2γ and NANOG as enforcing OTX2 activity prevents their expression. Moreover, the rate of Otx2 decline appears important as without cytokines, germline entry is diminished. We propose that without cytokines, the window for germline entry closes before OTX2 is reduced below a threshold necessary for PGC transcription factor expression. Furthermore, in the absence of OTX2, PGC transcription factor expression does not require BMP4, indicating that BMP4 functions by repressing Otx2. Otx2 −/− cells also exhibit an extended competence period, suggesting that OTX2 starts a process that defines the extent of the competence Letter reSeArCH period. Also, as Otx2 −/− cells can initiate PGC differentiation without BLIMP1, this suggests a reciprocal relationship between BLIMP1 and OTX2, in which BLIMP1 represses 21, 29, 30 and OTX2 activates somatic gene expression 17 . Supporting this, during PGCLC differentiation, Otx2 −/− cells do not activate mesendoderm genes 17 (Extended Data Fig. 4c ) that are otherwise repressed by BLIMP1 30 . This may explain why some aspects of the PGCLC differentiation phenotype can be divorced from a BLIMP1 requirement in Otx2 −/− cells. This places OTX2 at a developmental crossroads where it acts to control excessive access to the germline (Fig. 4f ).
Finally, our findings are noteworthy in light of the hypothesis that the neural lineage is the default developmental pathway for vertebrate cells 31 . Interestingly, neural induction requires inhibition of BMP signalling 32 . BMP is a known facilitator of germline entry 2 and is identified here as a key Otx2 repressor. The default neural induction hypothesis is based principally on studies in chicks and frogs, species in which PGCs are formed by germplasm segregation. Yet, induced germline segregation is considered the ancestral mechanism that pre dates the recurrent evolution of germplasm 7, 8 . The highly efficient entry of pluripotent cells into the germline in the absence of OTX2 reported here suggests that the germline may be the ancient default option that must be overcome in order to elaborate the ancillary structures of the soma.
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Any methods, additional references, Nature Research reporting summaries, source data, statements of data availability and associated accession codes are available at https://doi.org/10.1038/s4158601805815. The experiments were not randomized, and the investigators were not blinded to allocation during experiments and outcome assessment. All mouse studies were performed in accordance with UK Home Office regulations under project licence PPL 60/4435 and carried out in a Home Officedesignated facility. Cell culture and differentiation. ESCs were routinely cultured in GMEMβ sup plemented with 100 U ml -1 LIF and 10% FCS at 3-10 × 10 5 cells per cm 2 density on tissue culture flasks coated with 0.1% gelatin 33 . Cells were routinely tested for mycoplasma contamination. EpiLC differentiation and PGCLC induction were carried out according to protocol previously described 12, 26, 34 .
For cytokinefree differentiation, EpiLCs were dissociated and resuspended at 8 × 10 4 cells ml -1 in GK15 medium (GMEMβ supplemented with 15% KOSR). 25 μl drops containing 2,000 cells were plated on the lids of tissue culture dishes and incubated over a reservoir of PBS for 2 days. Hanging drops were then collected and transferred to untreated culture dishes supplemented with GK15 medium and rotated at 72 r.p.m. Fresh medium was replenished every other day. CHIR (3 μM) and XAV939 (2 μM) were used to induce and repress Wnt signalling. Generation of knockout cell lines. For a summary of cell lines used in this report and a history of their derivation, see Extended Data Figure 1 .
Otx2-knockout (Otx2 lacZ/GFP ) and Otx2 conditional knockout (Otx2 lacZ/fl ; Rosa26 CreER/+ ) cell lines and targeting strategies have been described previously 17 . To derive Otx2knockout (Otx2 lacZ/-) lines from Otx2 lacZ/fl , Otx2 lacZ/fl ESCs were treated with 1 μM tamoxifen for 24 h, plated at clonal density and after 6 days, individual colonies picked, expanded and genotypes verified with RTPCR, western blot and immunostaining.
For knockout cell lines derived using CRISPR/Cas9 technology, ESCs were transfected with vectors expressing gRNAs and eSpCas9T2AmCherry or eSp Cas9T2AeGFP using Lipofectamine 3000 (Invitrogen, L3000015) and cultured for 24 h. After FACS sorting, singlecell clones were expanded and genotyped. Clones with predicted genotypes were further verified with qPCR or western blot and immunostaining. See Supplementary Table 1 for detailed oligonucleotide sequences of gRNAs, genotyping PCR. Immunohistochemistry. For wholemount staining of embryos and PGCLC aggregates, embryos and PGCLC aggregates were fixed with 4% paraformaldehyde (PFA) in PBS (room temperature, 30 min). For Fragilis staining, embryos were washed three times in PBS/0.1%BSA and blocked overnight at 4 °C in 3% donkey serum (Sigma)/1% BSA/PBS solution. For other antibodies, samples were washed three times with PBS/0.1% TritonX100 (PBST), permeabilized in 0.5% Triton X100/PBS solution for 15 min and incubated in 1M glycine in PBST for 20 min. After three washes, samples were blocked overnight at 4 °C using 3% donkey serum, 1% BSA (Sigma) in PBST (blocking buffer). Samples were then incubated for 72 h with diluted primary antibodies, rinsed four times for 20 min each in PBST and incubated for 4 h at room temperature with diluted secondary antibody. Samples were then rinsed four times for 20 min each in PBST. DAPI (Molecular Probes, D1306) was used for nuclear staining (same for other staining). For imag ing, embryos were treated with 10%, 25%, 50%, 97% thiodiethanol (Sigma, 166782) for 5 min in each gradient and were imaged using the TCS SP8 inverted confocal microscope (Leica).
For staining of frozen sections, aggregations were fixed in 4% PFA (room temperature, 20 min). After washing in PBS, samples were embedded in Tissue Freezing medium (Thermo Fisher scientific, 6502Y) and sectioned at a thickness of 5 μm. For antigen retrieval, sections were microwaved with highest power in 10 mM sodium citrate (PH, 6.0) for 2 min 30 s, twice. After antigen retrieval, samples were incubated in blocking buffer (room temperature, 1 h), then incubated with primary antibodies (4 °C overnight), after being rinsed three times in PBST for 10 min, incubated for 2 h at room temperature with diluted secondary antibody. Sections were then covered by cover slip in Fluoromount (SouthernBiotech, 010001) and imaged using the TCS SP8 inverted confocal microscope (Leica).
For immunostaining of cells grown in monolayer, cells were washed once with PBS, fixed in 4% PFA (room temperature, 10 min), permeabilized in 0.3% Triton X100/PBS (room temperature, 20 min), incubated in blocking buffer (room temperature, 1 h), before addition of primary antibodies and incubation at 4 °C overnight. Cells were washed in PBST (four times, 5 min) before incubation with diluted secondary antibodies (room temperature, 1 h). After washing four times (PBST), cells were imaged using the TCS SP8 inverted confocal microscope (Leica).
For cytospin staining, cells or aggregates were dissociated into single cells. 1 × 10 5 cells in 100 μl 1% BSA/PBS buffer were added into sample holders, centri fuged in the cytospin machine (5 min, 1200 r.p.m.). Microscope slides were then taken from the holders and cells circled with hydrophobic marker pen. Staining was then finished following the same protocol as for monolayer cells.
For PGC cell counting in wildtype and Otx2null embryos, embryos were isolated at E7.5, washed in PBS, fixed overnight in 4% PFA/PBS, dehydrated and paraffin embedded as previously reported 18 . Embryos were sectioned in coronalfrontal or sagittal sections and processed for immunohistochemis try (IHC) with antibodies against BLIMP1, AP2γ (Santa Cruz Biotechnology, SC53162) and Fragilis (R&D Systems, AF3377). All sections were analysed and those including PGCs captured for cellcounting analysis.
If not specified, primary and secondary antibodies used are listed in Supplementary Table 2 . Immunofluorescence quantification. Cytospin slides were stained at the same time and imaged using a Zeiss Observer microscope (Zeiss), PlanApo 20× NA, 0.8 objective (Zeiss), a Hamamatsu ORCAFlash4.0 V3 camera (Hamamatsu), a Colibri 7 (Zeiss) light source and the following filter cubes (name, excitation LED, beam splitter, band pass emission filter; 49 DAPI, 395, 480/40; 38 HE GFP, 495, 525/50; 43 HE dsRed, 570, 605/70; Cy5, 660, 700/775). Images were analysed using CellProfiler software (version 2.2.0) 35 . DAPI staining was first used to segment individual nuclei based on the diameter and intensity of the objects (25-90 pixel units and intensity threshold >0.05 respectively), then the intensity of OTX2 and AP2γ of the segmented nuclei were measured and the mean intensity of each chan nel reported. Over 8,000 segmented nuclei of each samples were analysed. The data were analysed in R and plots were generated using the ggplot2 package. The Otx2knockout EpiLCs are negative for both OTX2 and AP2γ staining and there fore were used to set up the threshold for gating OTX2 and AP2γ for all samples (negative gate > 99.5%). Flow cytometry. FACS analysis was performed as described 26 . Cells grown in monolayer or embryoid bodies in suspension were dissociated into single cells with trypsin and neutralized in PBS/10%FCS. A maximum of 5 × 10 5 cells were collected by centrifugation and the pellet resuspended in 100 μl PBS/10%FCS sup plemented with Alexa Fluor 647 antimouse/human CD15 (SSEA1) (Biolegend, 125608) and PE antimouse/rat CD61 (Biolegend, 104307) diluted 1/200 and 1/500, respectively, and incubated (30 min, 4 °C). Cells were washed twice in 1 ml PBS/10% FCS before analysis on a BD Fortessa 5 laser LSRII. Gate strategy is shown in Extended Data Fig. 3a . SDS-PAGE electrophoresis and immunoblotting. Immunoblot analysis was performed as described 36 . Briefly, protein samples from cell lysates, along with protein ladder (Novex, cat. LC5925) were loaded on 10% BisTris Gels (Novex, cat. BG00102BOX) and electrophoresis performed at 200 V for 60-80 min. Proteins were then transferred onto Nitrocellulose membrane (Capitol Scientific, cat. 10401396), blocked in 10% milk (w/v) (room temperature, 1 h), followed by incubation with primary antibodies (4 °C, overnight). After three washes in PBST, membranes were incubated with IRDye conjugated secondary antibody, followed by three washes in PBST before being visualized in LICOR Odyssey Imaging Systems. Primary and secondary antibodies are listed in Supplementary Table 2 . RNA analysis. Total RNA was extracted using either Trizol (Invitrogen,15596026) or RNeasy micro (Qiagen, 74034) or mini kit (Qiagen, 74104) following the manu facturer's instructions, followed by DNase treatment (Qiagen, 157047207). Reverse transcription reactions were performed using Superscript First Strand Synthesis kit (Invitrogen, 1964419) and quantitative PCR performed using SYBR Green Kits (Takyon, UFNSMTB0701) on Roche LightCycler 480 with cDNA equivalent of 25 ng total RNA per reaction. Values for each gene were normalized to expression of TATAbox Binding Protein (TBP) according to 2 −ΔCt formula 37 . Oligonucleotide sequences are shown in Supplementary Table 3 . Transcriptomic profiling and data analysis. Total RNAs were extracted using RNeasy Plus Micro Kit (Qiagen, cat.74034), following manufacturer's instructions. RNAs were labelled using Illumina TotalPrep RNA Amplification Kit (Illumina, cat. AMIL1791) following manufacturer's instructions. Briefly, 100 to around 300 ng total RNA were reverse transcribed using oligo(dT) primers, followed by secondstrand cDNA synthesis. The dsDNAs were then in vitro transcribed into biotin labelled complementary RNA (cRNA) at 37 °C for 12 h. The cRNAs were purified and quality analysed using Agilent Bioanalyzer 2100. The hybridizations were performed by the Eurofins Genomics AROS in Denmark. The samples were hybridized on Illumina MouseWG6 v2 BeadChip. A signal intensity (expression) value and a detection P value (whether the signal is above background) for each probe on the array was obtained using Illumina GenomeStudio software with standard settings. A total of 13,683 probes which had detection P value < 0.01 in at least three experiments were considered for further analysis. A variancebased filtering of gene expressions was performed using the genefilter package with variance cutoff of 0.75, leaving 3,421 probes for further statistical analysis. Unsupervised hierarchy clustering, generation of heatmap and PCA and ternary plot were carried out using R (https://www.Rproject.org) using the following pack ages: cluster, pheatmap, FactoMineR, ggtern and RColorBrewer. The microarray data has been deposited in the GEO database under accession number GSE116640. Embryo aggregation. E2.5 embryos were collected from superovulated F1 (CBA male cross with C57BL/6J female) females with M2 buffer (Sigma, M1767). After being cultured in KSOM (Millipore, MR020P5F) for 15 min, zonae pellucidae were removed by Tyrode's solution (Sigma, T1788) and embryos cultured in KSOM in aggregation plates prepared by aggregation needle (BLS, DN10). Wildtype
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Extended Data Fig. 1 | Summary of cell lines used in this report. Otx2 lacZ/GFP and Otx2 lacZ/fl ESCs have been described previously 17 . Summarized below are further modifications to Otx2 or Blimp1, or transgene additions in the above or wildtype backgrounds. Further schematic details illustrating the points of Cas9 modification of Otx2 or Blimp1 and genotype verification of derived cell lines are shown in Extended Data Fig. 3 and Extended Data Fig. 7 , respectively.
Extended Data Fig. 2 | Competence for germline entry is preceded by downregulation of OTX2 protein. a, Representative cytospin images of OTX2, BLIMP1 and AP2γ staining using E14Tg2a aggregates after 1 day or 2 days of PGCLC differentiation; n = 2; scale bar, 100 μm. b, Wholemount immunofluorescence of E14Tg2a aggregates after 1 (D1) or 2 days (D2) of differentiation of EpiLCs in the presence or absence of cytokines. Representative images of OTX2 and BLIMP1 are shown; n = 3; scale bar, 50 μm. c, Magnified image of the region highlighted in b; scale bar, 10 μm. d, Quantitative transcript analysis of Otx2 in E14Tg2a cultures with (n = 4) or without cytokines (n = 7) at indicated time point. Schematic illustration is shown in Fig. 1b . Expression levels are normalized to TBP; values are means ± s.d. e, Top, primers used for Otx2 premRNA transcript analysis are shown relative to the primary transcript structure. Bottom, quantitative transcript analysis of Otx2 premRNA at the indicated times (minutes) after changing E14Tg2a EpiLCs into PGCLC medium. Expression levels are normalized to TBP and shown relative to expression at t = 0; values are means ± s.d.; n = 3 biologically independent replicates. f, Assessing the temporal requirement of cytokine treatment for efficient PGCLC induction. Aggregates of E14Tg2a EpiLCs treated with cytokines for 1 (d0-d1), 2 (d0-d2) or 6 days (d0-d6) were assessed by flow cytometry for surface expression of SSEA1 and CD61 at day 6 of PGCLCs differentiation; n = 3. 
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FlowJo V10 was used for FACS data analysis CellProfiler software (version 2.2.0) was used for cytospin immunostaining quantification ( Figure 1C ), see detailed in methods ImageJ was used for confocol images Graphpad prism 7 was used for qPCR data and t test analysis Illumina GenomeStudio software was used to obstain the signal intensity value and detection p-value for each probe on the microarray with standard settings. Quantile-normalization was performed by R (https://www.R-project.org) using the limma package with the default settings. The genefilter package was used to perform a variance-based filtering of gene expressions in R with variance cutoff of 0.75. Unsupervised hierarchy clustering, generation of heatmap and PCA and ternary plot were carried out by means of R using the following packages: cluster, pheatmap, FactoMineR, ggtern and RColorBrewer.
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